During waking behavior, animals adapt their state of arousal in response to environmental pressures. Sensory processing is regulated in aroused states, and several lines of evidence imply that this is mediated at least partly by the serotonergic system. However, there is little information directly showing that serotonergic function is required for state-dependent modulation of sensory processing. Here we find that zebrafish larvae can maintain a short-term state of arousal during which neurons in the dorsal raphe modulate sensory responsiveness to behaviorally relevant visual cues. After a brief exposure to water flow, larvae show elevated activity and heightened sensitivity to perceived motion. Calcium imaging of neuronal activity after flow revealed increased activity in serotonergic neurons of the dorsal raphe. Genetic ablation of these neurons abolished the increase in visual sensitivity during arousal without affecting baseline visual function or locomotor activity. We traced projections from the dorsal raphe to a major visual area, the optic tectum. Laser ablation of the tectum demonstrated that this structure, like the dorsal raphe, is required for improved visual sensitivity during arousal. These findings reveal that serotonergic neurons of the dorsal raphe have a state-dependent role in matching sensory responsiveness to behavioral context.
Introduction
Animals are not constantly vigilant but rather modulate their readiness to respond to sensory cues. This is particularly apparent when comparing states of sleep and wakefulness, but, while awake, short-term behavioral states enable the organism to adapt to changing environmental demands. One such state is arousal, in which animals anticipate challenges by showing heightened activity and readiness to respond to sensory stimuli. Increased responsiveness to stimuli across diverse sensory modalities is a hallmark of general arousal, whereas in specific arousal, animals are sensitized to ethologically relevant sensory modalities (for review, see Jing et al., 2009) . Precise patterns of neuronal connectivity underlying specific arousal have been described in invertebrates (Weiss et al., 1986; Lebestky et al., 2009) , but surprisingly few studies have clearly distinguished general and specific arousal in vertebrates (Garey et al., 2003) . In consequence, theories on arousal in vertebrates include arguments that general arousal does not exist (Robbins, 1997) , that both general and specific mechanisms contribute to arousal (Garey et al., 2003) , and that only a faculty for general arousal is present (Agmo, 2011) . To understand the neuronal mechanisms of arousal, it is essential to clearly distinguish between circuits that are activated during general arousal and those that contribute to specific arousal.
Although many brainstem neurotransmitter systems have been implicated in the control of arousal, the interconnectedness of these systems and possible redundancy has made it difficult to parse the contributions of individual neurotransmitter systems to different aspects of arousal. One neurotransmitter system strongly linked to regulation of arousal states across the sleep-wake dimension is the serotonergic system (Trulson and Jacobs, 1979; Geyer, 1996) . In mammals, most serotonin-producing neurons reside in the brainstem raphe nuclei and project diffusely throughout the brain (Dahlström and Fuxe, 1964; Steinbusch, 1981) . In addition to its effects on arousal, serotonin has been implicated in a variety of behavioral states, including stress, anxiety, aggression, and attention (Edwards and Kravitz, 1997; Gordon and Hen, 2004; Boulougouris and Tsaltas, 2008) . Accordingly, it is still unclear whether there is a single unifying function for serotonin in diverse behavioral states.
The relative simplicity and ease of genetic manipulation of the larval zebrafish brain provide an attractive system in which to study vertebrate neuronal circuit function (McLean and Fetcho, 2008) . By 5 d post-fertilization (dpf), zebrafish larvae have a wide range of sensorimotor behaviors that, through high-speed video and computational image analysis, can be quantified at a very high level of precision (Portugues and Engert, 2009; Fero et al., 2011) . Although sleep and wake states have been defined in zebrafish larvae, the existence of experience-dependent transient changes in level of arousal has not yet been demonstrated. Here we show that such a faculty exists and use behavioral analysis and genetic manipulations to analyze its neuronal substrates. Work in mammals has shown widespread serotonergic modulation of sensory processing (Hurley et al., 2004; Dugué and Mainen, 2009 ). Our findings build on this to show that the dorsal raphe (DR) has a state-dependent role in modulating sensory responsiveness.
Materials and Methods
Zebrafish lines. Tübingen long fin strain zebrafish were used in this study. Embryos were raised in E3 medium supplemented with 1.5 mM HEPES, pH 7.3, at 28°C on a 14/10 h light/dark cycle with medium changes every 2 d. Transgenic line Tg(tph2:nfsB-mCherry)y226 was constructed by PCR amplification of a 3408 bp fragment from the tryptophan hydroxylase 2 (tph2; ZDB-GENE-040624-4) promoter (including the first 11 bp of 5ЈUTR), from Chori bacterial artificial chromosome clone ch211-218c6 using primers 5Ј-CTGGAAGGGAATCTGCTACG and 5Ј-TGACACTC TCCTCCCCTGTC, cloned into pCR4 -TOPO (Invitrogen), and then subcloned using EcoRI into the UAS:nfsB-mCherry plasmid replacing the 14xUAS element between the EcoRI sites (Davison et al., 2007; Pisharath et al., 2007) . Note that this promoter element contains the last intron and two exons of the upstream gene tbc1d15 (see Fig. 3A ). Transgenic fish were generated by Tol2 transgenesis (Kawakami, 2004) and bred to isolate single insertions. The tph2 promoter is susceptible to position effect (data not shown), so for Gal4 and nitroreductase stable lines, we screened 10 -20 founders to obtain selective expression in the raphe. Each of these lines is also expressed in the spinal cord, but we have not observed movement defects after ablation. Apart from these areas, there is only stochastic transgene expression in rare isolated cells. For genetic ablation, fish expressing the nfsB-mCherry transgene and nonexpressing sibling controls were sorted at 3 dpf and treated with 10 mM metronidazole (Sigma) in E3 medium for 48 h under dim light. The bacterial nitroreductase nfsB converts metronidazole into a cellimpermeable cytotoxin (Curado et al., 2007; Pisharath et al., 2007) . Larvae were washed twice and kept in fresh E3 medium for at least 24 h before behavioral assays. To detect apoptosis during ablation, larvae were immersed for 1 h in 8 M PhiPhiLux G1D2 (OncoImmunin) in E3 medium and washed three times before imaging. Laser ablation of labeled fibers in the optic tectum was performed using a MicroPoint pulsed nitrogen laser (Photonic Instruments) as described previously (Burgess et al., 2010) . Transgenic line Tg(tph2:Gal4ff)y228 was constructed using the same 3.4 kb fragment but driving Gal4ff (a variant of Gal4 engineered to reduce toxicity) subcloned from pT2KhspGFF (Asakawa et al., 2008) . Transgenic line Et-(SCP1:Gal4ff)y234 was recovered in an enhancer trap screen (H.A.B., unpublished observations, http://burgesslab.nichd.nih.gov/ubn). By 4 dpf, this line shows strong expression in the trigeminal ganglion and weak expression in the heart and intersegmental vessels of the trunk vasculature. Both Gal4ff-expressing lines were generated using Tol2-mediated transgenesis as above. All in vivo experimental protocols were approved by the local animal care and use committee.
Plasmid constructs. We performed transient transgenic experiments using Tol1 transposase, which recognizes different transposon arms than Tol2 transposase, allowing us to achieve high efficiency of reporter integration without remobilizing the Gal4ff integrated in Tg(tph2: Gal4ff)y228 (Koga et al., 2008) . We first modified pDon122 (CosmoBio), which contains Tol1 arms, by adding a 14xUAS element and E1b promoter (Köster and Fraser, 2001 ) multiple cloning site and ocean pout antifreeze protein poly(A) by standard subcloning techniques (pT1UMP). To make UAS:GCaMP3-v2a-mCherry, we PCR amplified GCaMP3 (Tian et al., 2009 ) and cloned it in-frame with a v2a-mCherry fusion (Akitake et al., 2011) and then moved the GCaMP3-v2a-mCherry cassette into pT1UMP. To make UAS:lyn-TagRFPT, we synthesized TagRFPT-a variant of red fluorescent protein eqFP578 from Entacmaea quadricolor optimized for photostability (Shaner et al., 2008 )-avoiding zebrafish rare codons (Genscript), PCR amplified it adding a lyn kinase membrane targeting sequence (MGCIKSKRKDNLNDDE) (Abankwa and Vogel, 2007) to the 5Ј primer, and cloned it into pT1UMP. To make UAS:ChR2-TagRFPT, we synthesized channelrhodopsin2 (ChR2) (Genscript), used overlapping extension PCR to fuse it to TagRFPT in-frame, and cloned it into pT1UMP. For GCaMP3, lyn-TagRFPT, and ChR2-TagRFPT plasmids, the rabbit ␤-globin intron was PCR amplified and subcloned between the E1b promoter and the translational start. Additional details of construction are available on request. Tol1 mRNA was synthesized using mMessage mMachine SP6 kit (Ambion) from pHel105 (CosmoBio). For Tol1 transgenesis, we injected 80 pg of Tol1 mRNA and 20 ng of plasmid into one-cell-stage embryos.
Stimuli. All stimuli were delivered using a digital-to-analog card (PCI-6221; National Instruments) with timing controlled by custom software. For electrical stimuli, we modified the protocol used previously for adult zebrafish (Yokogawa et al., 2007) and used the data acquisition (DAQ) card analog output to generate 2-ms-duration square pulses across stainless steel wire mesh electrodes 45 mm apart at opposite edges of the test arena. Light flash stimuli were the brief termination of illuminating white light (150 to Ͻ0.1 W/cm 2 ), lasting 100 or 1000 ms for low-and highintensity stimuli, respectively. Responsiveness was measured as the proportion of fish executing a large-angle O-bend response within 1 s of the stimulus (Burgess and Granato, 2007b) . Acoustic startle responses were elicited using a minishaker (4810; Brüel and Kjaer) as described previously (Burgess and Granato, 2007a) , with responsiveness measured by the proportion of larvae executing a short-latency C-bend (SLC) response. Stimuli were 2 ms duration. Intensity was calibrated using a Reed VB-8200 Digital Vibration Meter (Calright). For optomotor stimuli, moving sine-wave gratings generated by custom software were produced by a projector (P2 Pico projector; AAXA) and reflected onto a diffusing screen below the test chamber via mirror (see Fig. 2 A) . Except when otherwise specified, optomotor stimuli were 5.8 mm wavelength, contrast ratio of 50 (white bars, 65W/cm 2 ; black bars, 1.3 W/cm 2 ), and velocity of 0.05-2 Hz (0.29 -11.8 mm/s) and lasted for 10 s. Turn bias is a measure of the fidelity with which turn maneuvers orient larvae in the direction of motion of the optomotor stimulus. It is calculated as the percentage of turns in which the bend improves alignment with direction of stimulus motion (%TurnTarget) scaled to between Ϫ100 and ϩ100 using the formula %TurnTarget ϫ 2 Ϫ 100 such that a score of ϩ100 means that all turns are in the direction of the optomotor stimulus and Ϫ100 means in the opposing direction. The flow chamber was printed in acrylonitrile-butadiene-styrene (ABS) plastic using a uPrint rapid prototyping machine (Statasys) and then treated with acetone for 30 s to seal against water penetration. The water flow stimulus was generated by a Masterflex L/S with Easy-Load II pump (Cole-Palmer) for 60 s at a flow rate 160 ml/min except when otherwise specified. When testing flowinduced arousal, baseline responsiveness was tested 25 or 30 min after larvae were introduced to the flow chamber, and aroused responsiveness was probed 3 min after the flow stimulus. In all tests, the chamber was mounted on a translucent plastic diffuser with an infrared array below providing illumination (IR100; YY Trade). Behavioral experiments were conducted on 5-7 dpf larvae, well before the onset of sexual differentiation at 3 weeks. Larvae were light adapted for at least 1 h to a light intensity on the holding platform that was the same as on the testing platform with light calibration using a ILT1400A radiometer (International Light).
Behavioral quantification. Image stacks for fish behavioral analysis were collected using a Photron FastCam-X 1024 PCI high-speed camera (Tech Imaging) at 1000 frames per second (fps), 512 ϫ 512 pixel resolution and analyzed using Flote tracking software (Burgess and Granato, 2007b) . To track groups of free-swimming larvae continuously over long periods of time without resorting to confining individual larvae in small chambers in a grid, we created a real-time tracking system. The tracking system is a Cϩϩ implementation of algorithms previously written for multi-larva tracking in Interactive Data Language, incorporated as a new module in our event control software used previously to generate acoustic startle stimuli with the National Instruments DAQ card (Burgess and Granato, 2007a) . Video images are acquired at 50 fps from a Eye camera (IDS-5220SE-M; 1stVision). After each 400 ms window, the initial and final position and orientation of each larva is saved, as well as the maximal swim velocity. Maximum swim velocity and total displacement are used to determine whether a larva initiated a swimming movement during the window or whether it remained stationary. We validated the accuracy of the real-time tracking code by comparing it with Flote using a set of prerecorded video images. The real-time code produced very similar measures of larval displacement across a wide range of activity levels (23 groups of larvae imaged for 16 s each, mean displacement for real-time code and Flote correlated with Spearman's ϭ 0.97). A hazard of using swim velocity and displacement to categorize swim versus stationary events is that changes in larval kinematics could affect accuracy. We therefore compared estimates of larval activity during dark adapta-tion, in which both swim initiation frequency and kinematics vary significantly. Both algorithms produced similar measures of swim initiations (six groups of larvae imaged at four time points during dark adaptation, repeated-measures ANOVA shows no main effect of analysis method, F (1, 8) ϭ 0.67, p ϭ 0.80). Measurements of locomotor activity are the average proportion of larvae initiating a swim movement in each 400 ms window, across the recording period for each data point (159 such windows over each 60 s interval).
For ChR2-elicited "head-touch" responses, we injected UAS:ChR2-TagRFPT into transgenic line Et(SCP1:Gal4ff)y234. At 4 dpf, we prescreened larvae in nine-well grids to identify double-transgenic larvae that showed large-angle C-bend responses within 30 ms of a 0.83 mW/ mm 2 , 48 ms duration, 62.5 Hz light pulse from a high-power blue LED (UHP-Mic-LED-460; Prizmatix). Responding larvae were head immobilized at 5 dpf as for calcium imaging (see below) and mounted on a Axioimager.A1 compound microscope (Carl Zeiss) with the condenser removed and replaced by a Eye camera with an Infinigage CW imaging lens (Edmunds) to record tail movements. After 25 min, larvae were tested with five light pulses at 30 s intervals for baseline responsiveness. Larvae were then exposed to water flow (see below) and 2 min later tested with a second set of five light pulses. Light pulses were 62.5 Hz, 48 ms, 13.4 mW/mm 2 with the LED focused through a 10ϫ objective onto the head. Tail movements initiated within 30 ms of the stimulus were scored as ChR2-evoked responses, because non-expressing larvae never responded within this timeframe (n ϭ 12 larvae, 20 stimuli each).
Immunohistochemistry. Larvae were anesthetized with tricaine and then fixed in 4% paraformaldehyde. Dissected brains were treated with 1 mg/ml collagenase for 45 min at room temperature. Primary antibodies used were against 5-HT ( Calcium imaging. Fish were embedded in 3% low-melt agarose on a 3 cm Petri dish. Agarose was removed caudal to the pectoral fins to allow tail movements. The dish was transferred to a microflow stimulus chamber printed in ABS plastic using a uPrint (see Fig. 4 A). Water was ejected onto the tail at a 90°angle, 200 l/s for 10 s using a Solenoid Micro Pump 100 (Cole-Parmer). To verify that this stimulus produces arousal in embedded larvae, tail-beat movements of embedded larvae were recorded for 8 min, 4 min before and after the microflow stimulus. Movies were tracked by Flote, and the number of swim bouts was counted manually by examining the curvature trace for each fish. GCaMP3-expressing cells were scanned with 20ϫ or 40ϫ water-immersion lenses every 10 s using a confocal microscope (Fluoview FV1000; Olympus). In each experiment, fish were kept on the stage for at least 20 min before scanning. The fluorescence intensity ratio ( R) of GCaMP3 and mCherry was calculated using NIH ImageJ, and ⌬R/R m was calculated using FreeMat using the formula described in Results.
Statistical analyses. n reported in the text refers to either the number of larvae when tested individually (e.g., n ϭ 8 larvae) or to the number of groups of larvae, with the number of larvae per group also reported (e.g., n ϭ 8 ϫ 20). Thus, (n ϭ 8 ϫ 20) means 8 groups of 20 larvae were used, so for statistical purposes n ϭ 8. Data reported in the text are mean and SEM. SPSS was used for statistical analysis. Comparison between groups was performed by two-way ANOVA and significant results followed by Bonferroni's-corrected t tests between groups when appropriate.
Results

Short-term changes in locomotor activity
We first sought to establish whether larval zebrafish modulate their internal state in a manner consistent with short-term arousal. One hallmark of arousal is a persistent change in behavior that endures beyond the termination of a stimulus (Jing et al., 2009 ). In a previous study, we noted that, after transfer to the testing arena, larval activity is depressed for 2 min (Burgess and Granato, 2007b) . We speculated that this might reflect a change in internal state and performed a detailed characterization of larval activity after transfer. Locomotor activity occurred in three phases: initial low-level locomotor activity (0 -2 min), a phase of high activity (2-15 min), and finally a steady level of moderate baseline activity (Fig. 1 A) . To determine what cues trigger this pattern of locomotor activity after transfer, we tested sensory stimuli in isolation. Many visual stimuli elicit robust responses in zebrafish larvae, but none that we tested produced a change in activity that persisted beyond the presentation of the stimulus (Fig. 1 B, Loom, Opto., Flash). An intense vibrational stimulus provoked a lasting reduction in activity similar to the first phase seen after transfer (paired t test, t (4) ϭ 3.37, p ϭ 0.028), but this was not followed by a high-activity state (Fig. 1 B, Vibration) . Because larvae were moved in the Petri dish in which they were raised and because illumination and temperature in the testing arena were carefully matched to the holding area, we considered it unlikely that changes in activity were triggered by thermal cues or changes in water chemistry. Exposure to water flow for 30 s induced a state of increased activity lasting several minutes, similar to the high-activity state induced by transfer (paired t test, t (7) ϭ 4.39, p ϭ 0.003) ( Fig. 1 B, Flow) . Activity induced by water flow was proportional to the duration of exposure (ANOVA, F (3,15) ϭ 26.3, p Ͻ 0.001) (Fig. 1C) but not to the intensity of the flow stimulus (F (3,18) ϭ 0.29, p ϭ 0.83) (Fig. 1 D) .
High-speed video imaging allowed us to more precisely quantify changes from baseline swimming (Burgess and Granato, 2007b) . Both transfer and water flow elevated locomotor activity by increasing the frequency of initiating normal swimming movements: slow swims (scoots; ANOVA, F (3,28) ϭ 8.8, p Ͻ 0.001) and routine turns (R-turns; F (3,28) ϭ 6.0, p ϭ 0.003) (Fig.  1 E) . Larvae also swam further during each slow swim bout (Fig. 1 F; F (3, 28) ϭ 3.6, p ϭ 0.025), which we found was attributable to an increase in the frequency of tail bends (F (3,28) ϭ 20.7, p Ͻ 0.001) rather than greater tail-bend amplitude (F (3,28) ϭ 0.80, p ϭ 0.50) or longer swim bouts (F (3,28) ϭ 1.12, p ϭ 0.36). Brief exposure to water flow or physical dish movement thus both induce a long-lasting increase in locomotor activity in zebrafish larvae that persists beyond the termination of the stimulus, consistent with a state of arousal.
Sensory responsiveness during elevated activity
A characteristic feature of arousal is the modulation of sensory thresholds in diverse modalities, including for acoustic startle responses (Witvliet and Vrana, 1995; Hubbard et al., 2011) . We therefore compared sensorimotor reflexes during baseline and high-activity states. No change in sensitivity to electroshock (ANOVA, F (1,24) ϭ 0.36, p ϭ 0.55) (Fig. 2 B) or light flash stimuli (F (1,32) ϭ 0.16, p ϭ 0.68) (Fig. 2C) were found during the highactivity state induced by flow. Similarly, transfer did not alter acoustic startle (F (1,28) ϭ 0.36, p ϭ 0.55) or electroshock thresholds (F (1,28) ϭ 0.07, p ϭ 0.78), but active-state larvae were more responsive to a light flash (main effect of state, F (1,20) ϭ 8.8, p ϭ 0.008). To simulate a head-touch stimulus while avoiding the difficulty of reproducibly applying a mechanical stimulus, we used an optogenetic approach similar to previous studies in zebrafish embryos (Douglass et al., 2008) . We used enhancer trap line Et(SCP1:Gal4ff)y234 that expresses Gal4 in the trigeminal ganglion to drive expression of the light-activated ion channel ChR2, using a UAS:ChR2-TagRFPT transgene. Brief blue light pulses elicited SLC (Ͻ30 ms) responses in double-transgenic larvae kinematically very similar to head-touch responses (change in head angle during initial C-bend for head-touch responses, 164 Ϯ 1.7°; for ChR2 responses, 157 Ϯ 12.6°; two-sample t test, t (4.1) ϭ 0.52, p ϭ 0.63, n ϭ 5 larvae each). Such responses were never seen in larvae not expressing ChR2 (n ϭ 8 larvae). Flow did not alter responsiveness to the ChR2 evoked "touch" stimulus (paired t test, t (9) ϭ 1.00, p ϭ 0.34, n ϭ 10 larvae) (Fig. 2 D) . Larvae thus do not show a general increase in sensory responsiveness during high-activity states.
We next asked whether exposure to water flow sensitized larvae to the flow stimulus itself. When exposed to water flow, larvae perform counter-current swimming, aligning themselves against the direction of water flow, so as to be facing "upstream." Larvae oriented more rapidly to the second presentation of the flow stimulus (repeated-measures ANOVA, F (1,320) ϭ 11.2, p ϭ 0.001) (Fig. 2 E) , such that, after 5 s of water flow, three times as many larvae were aligned directly against the current (Wilcoxon's Z ϭ Ϫ2.1, p ϭ 0.036) (Fig. 2 F) . Because counter-current swimming in fish is primarily a response to the perception of forward motion of the visual field (Lyon, 1904; Montgomery et al., 1997) , we next tested sensitivity to whole-field motion. A moving pattern of dark and light bars provokes an optomotor response (OMR) in zebrafish larvae in which the fish swim in the direction of motion of the grating (Orger et al., 2000) . Consistent with sensitization to the flow stimulus, we found that, after exposure to water flow, larvae oriented more quickly in the direction of motion of a weak optomotor stimulus (paired t test, t (18) ϭ 3.23, p ϭ 0.004) (Fig.  2G) . A faster orienting response could occur simply because larvae are more active after the flow stimulus. To address this, we measured the accuracy of orienting turn movements. During the OMR, larvae align themselves in the direction of perceived motion by initiating directionally appropriate tail flexions (Orger et al., 2008) . Turns induced by the weak optomotor stimulus showed a significantly greater directional bias after exposure to the flow stimulus (t test, t (55) ϭ 2.1, p ϭ 0.04) (Fig. 2 H) . Thus, the faster orienting during the OMR is not a nonspecific consequence of elevated motor activity but is attributable to heightened sensitivity to the direction of visual motion. The combination of increased movement and heightened sensory responsiveness, each persisting beyond the termination of a stimulus, is characteristic of a short-term state of arousal (Garey et al., 2003) . The increase in responsiveness was selective to visual motion among the sensory stimuli that we tested, indicating that flow establishes a state of specific rather than general arousal and that flow does not simply induce a widespread increase in CNS excitability. Exposure to water flow induces a state of increased locomotor activity. A, Frequency of swim initiation after movement from a holding area to the testing arena (diagrammed in the inset). Epochs of activity patterns are indicated. Black line and shaded area show mean and SEM (n ϭ 6 ϫ 25). *p Ͻ 0.05 compared with baseline. B, Change from baseline activity after exposure to sensory cues. Larvae were left on the testing arena for 30 min before testing. Baseline is the mean swim initiation frequency in the 5 min before testing. Responsiveness during the presentation of the stimulus was not recorded, so these graphs do not show acute responses to the stimuli tested. Vibration, 500 ms duration, 10 Hz vertical acceleration, 62 m/s 2 peak (n ϭ 5 ϫ 25). Loom, A shadow (contrast ratio of 18:1) moves across arena at 20 mm/s (n ϭ 11 ϫ 25). Optomotor (Opto), 30 s duration, 10 mm grating width, 2 Hz frequency, 18:1 contrast ratio (n ϭ 7 ϫ 20). Light Flash, 30 s dark pulse from baseline illumination at 150 W/cm 2 (n ϭ 7 ϫ 20). Flow, 45 s water flow, 40 ml/min (n ϭ 8 ϫ 20). C, D, Activity is proportional to the duration (C) but not to the velocity (D) of the flow stimulus. Trials were 20 min apart, with measurements taken of the locomotor activity during the 3 min before (black circles) and after (gray circles) each stimulus and activity for each before/after pair normalized so that the average before-flow value was set to 100. To test duration, flow velocity was held at 40 ml/min (n ϭ 6 ϫ 20). To test velocity, flow duration was 30 s (n ϭ 7 ϫ 20).
# p Ͻ 0.05, *p Ͻ 0.01 for paired t tests. E, Kinematic analysis of swimming. The gray bar marks 15 s flow stimulus at 30 min. Pairwise comparisons are to baseline movement at 25 min (circles, n ϭ 8 ϫ 20). *p Ͻ 0.05. Graphs show mean and SEM. F, Total displacement generated by swim bouts with pairwise comparisons as for E.
Calcium imaging of raphe neurons
The arousal state system is thought to involve diverse neurotransmitter systems, primarily located in the brainstem (Pfaff et al., 2008) . Several of these systems converge on the DR nucleus to excite serotonergic neurons (Brown et al., 2002) , and stimulation of the DR modulates sensory responsiveness in mammals (Andersen and Dafny, 1982; Petzold et al., 2009) . We therefore cloned a 3.4 kb fragment of the promoter for the tph2 gene, which is normally expressed in the anterior-most portion of the zebrafish raphe (Teraoka et al., 2004; Lillesaar et al., 2007) and used it to drive a Gal4ff reporter (Asakawa et al., 2008) in a stable transgenic line Tg(tph2:Gal4ff)y228 (Fig. 3A) . To visualize Gal4 expression, we used a Tg(UAS:Kaede)s1999t reporter line (Davison et al., 2007) . In 6 dpf double-transgenic fish, a group of 42 Ϯ 1.5 neurons (n ϭ 5 larvae) express Kaede in the rostral midline of the hindbrain with additional expression in a column of ventral neurons in the spinal cord (Fig. 3 B, C) . We confirmed that the hindbrain expression was the DR by colocalization with serotonin immunohistochemistry, which showed that 89 Ϯ 4% of serotonergic neurons in the DR coexpressed Kaede (n ϭ 5 larvae) (Fig. 3D) .
We next sought to monitor the activity of neurons in the DR during arousal by using the fluorescent calcium reporter GCaMP3 (Tian et al., 2009 ). For activity recording in restrained fish, we designed a microscope-compatible flow chamber in which the head of the larva was embedded for calcium imaging, while the tail was free to move and could be monitored with a high-speed camera (Fig. 4 A) . Stimulating the tail with water flow elicited a 57% increase in the number of tail-movement bouts during the 4 min after flow relative to the baseline 4 min before flow (baseline, 33.1 Ϯ 8.1; after flow, 52.2 Ϯ 14.4; paired t test, t (17) ϭ 2.62, p ϭ 0.018, n ϭ 18 larvae) similar to flow-induced activity in free-swimming larvae (Fig. 1 B) . For recording neuronal activity, we injected a Tol1-based 14xUAS:GCaMP3-v2a-mCherry reporter plasmid into Tg(tph2:Gal4ff)y228 to create transient double-transgenic fish. The v2a sequence ensures stoichiometric coexpression of GCaMP3 and mCherry and allows calculation of the ratio of GFP/RFP fluorescence ( R). This permits us to reliably measure changes in calcium while avoiding fluorescent intensity artifacts generated by slight movements of the fish within the plane of focus (Fig. 4 B, C) . Because the reporter was expressed mosaically, we could identify and measure Visual sensitivity is selectively modulated by exposure to water flow. A, Flow chamber for testing activity and sensory thresholds. Optomotor stimuli are projected onto the diffuser using a mirror. Leads attached to grids enable electric stimuli. LED mounted above the chamber for visible illumination and flash responses. To test responsiveness, larvae were left in the chamber for 25 min before recording baselines, exposed to a 60 s flow stimulus at 30 min, and retested 3 min after flow. B, C, Responsiveness was measured to an electric stimulus (B) (n ϭ 7 ϫ 20) and a light flash stimulus (C) (n ϭ 9 ϫ 20). D, To test touch responsiveness, larvae expressing ChR2 in the trigeminal ganglion were exposed to five brief blue light pulses before and after water flow (open circles; n ϭ 10 larvae) or before and after an equivalent delay without water flow ("no flow") to control for habituation (filled circles; n ϭ 11 larvae). E, Average orientation during the first 10 s of water flow. Orientation is the offset (0 -180°) from the direction opposite to flow. Larvae orient more quickly to a second exposure to water flow, 3 min after the termination of the first exposure (open circles) than to the initial exposure (filled circles). F, Proportion of larvae in orientation bins (30°each) relative to flow direction, 5 s after flow stimulus starts, for first exposure (top) and second exposure (bottom). *p Ͻ 0.05 compared with the same orientation at first flow exposure. G, Rate of orienting during the OMR. The proportion of larvae (n ϭ 19 ϫ 20) oriented in the quadrant matching the direction of visual flow was measured throughout stimulus presentation and rate of increase calculated in baseline state (filled circles) or after exposure to flow (open circles). *p Ͻ 0.001. H, Turn bias during the OMR. Larvae (n ϭ 23 ϫ 20) were tested in baseline state (filled circles) and then after flow (open circles). *p Ͻ 0.05. Graphs show mean and SEM.
activity in single cells within the DR. For each cell and time point, we calculated the normalized percentage change in fluorescence ratio ⌬R/R m . R m is the mean fluorescence ratio during the 5 min before flow. R t is the fluorescence ratio at time point t. ⌬R/R m ϭ 100 ϫ (R t Ϫ R m )/R m . The distribution of ⌬R/R m values shifted rightward after the flow stimulus, indicating that at least some cells increase activity (Fig. 4 D) .
To identify activated neurons, we set a ⌬R/R m threshold of 26.47%, corresponding to 2 SDs from the mean ⌬R/R m for all measurements in the baseline period. By this criterion, flow elicited activity in 28 of 93 neurons measured (Fig. 4 E; maximal ⌬R/R m ϭ 89 Ϯ 12.6%, from 18 larvae). Mean activity in the responding cohort remained significantly above baseline levels 80 s after exposure to flow (⌬R/R m ϭ 8.7 Ϯ 3.5%, paired t test against baseline, p ϭ 0.03). We did not detect any effect of position on activity within the anteroposterior axis of the DR (data not shown). Thus, a brief exposure to water flow induces a persistent increase in activity in DR neurons, consistent with a role for these neurons in regulating arousal.
Raphe ablation
We next asked whether DR neurons are required to maintain the arousal state. We generated transgenic line Tg(tph2:nfsBmCherry)y226 using the tph2 promoter fragment to drive expression of a nitroreductase-mCherry fusion gene. At 6 dpf in this line, mCherry was expressed in 51 Ϯ 4.5 neurons in the DR (n ϭ 5 larvae). The bacterial nitroreductase nfsB metabolizes metronidazole into a cell-impermeable cytotoxin, allowing cell-specific and temporally controlled ablation (Curado et al., 2007; Pisharath et al., 2007) (Fig. 5A) . After 14 h of metronidazole treatment, we detected apoptosis in the DR using the TUNEL assay (data not shown) and PhiPhiLux G1D2, a live fluorescent reporter of caspase-3-like activity (Fig. 5B) (Packard and Komoriya, 2008) . After 48 h of treatment with metronidazole, DR neurons were selectively ablated as confirmed by loss of mCherry expression and the absence of DR immunostaining with anti-serotonin antibody, whereas other populations of serotonergic neurons remained intact (Fig. 5C ).
After ablation, larvae showed normal baseline locomotor activity (control, 39.1 Ϯ 3.6; ablated, 38.8 Ϯ 4.7; t (16) ϭ 0.07, p ϭ 0.94) (Fig. 5D, 25-30 min) and no change in responsiveness to either acoustic startle stimuli (ANOVA, no effect of ablation, F (1,101) ϭ 0.024, p ϭ 0.874, n ϭ 27 larvae) or to a light flash stimulus (ANOVA, no effect of ablation, F (1,16) ϭ 0.23, p ϭ 0.638, n ϭ 5 ϫ 20), showing that ablation of the DR does not generally decrease larval responsiveness. Moreover, both flow and transfer robustly elicited an increase in locomotor activity in ablated larvae similar to controls (increased activity for flow in controls, 54.1 Ϯ 2.9%; ablated, 53.1 Ϯ 4.1%; t test, t (16) ϭ 0.06, p ϭ 0.95; for transfer in controls, 66.4 Ϯ 3.5%; ablated, 52.9 Ϯ 5.3%, t (16) ϭ 0.68, p ϭ 0.51), indicating that the DR is not required for this aspect of arousal (Fig. 5D) . Ablated fish showed a similar pattern of OMR responsiveness to siblings when tested in the baseline state, with no appreciable orientation to the weakest stimulus tested (turn bias for weak stimulus controls, Ϫ1.9 Ϯ 10.4; ablated, 4.7 Ϯ 13.5; t (28) ϭ 0.42, p ϭ 0.68) (Fig. 5E) . As found previously, after exposure to a flow stimulus to induce arousal, sibling controls showed enhanced sensitivity to a weak optomotor stimulus. In contrast, no such improvement was observed in ablated fish (turn bias controls, 33.3 Ϯ 13.5; ablated, Ϫ8.9 Ϯ 13.8; t (26) ϭ 2.19, p ϭ 0.038) (Fig. 5F ). Similar results were obtained when DR-ablated fish were tested during transfer arousal, with ablated fish showing greatly reduced sensitivity to weak optomotor stimuli (turn bias controls, 32.0 Ϯ 4.2; ablated, 4.1 Ϯ 5.2; t (16) ϭ 4.19, p Ͻ 0.001) (Fig. 5G) . Thus, the DR is not necessary for the increase in locomotor activity that occurs during flowinduced arousal but is required for state-dependent modulation of responsiveness to visual motion. 
Raphe-tectal connection
We next asked how the DR modulates optomotor responsiveness during arousal. Several studies have shown widespread patterns of serotonin immunoreactivity within the developing zebrafish brain (McLean and Fetcho, 2004; Sallinen et al., 2009 ), but only a single report has examined efferent connections from serotonergic nuclei (Lillesaar et al., 2009) . One target of the DR nucleus in mammals is the superior colliculus (Villar et al., 1988) , the homolog of the fish optic tectum, a visual processing structure shown previously to be required for orienting during predation and phototaxis (Gahtan et al., 2005; Burgess et al., 2010) . We therefore examined the projection of DR neurons by injecting a UAS-driven membrane-tagged TagRFPT reporter into Tg(tph2: Gal4ff)y228 (Fig. 6 A, C) . To unambiguously identify the tectum, we used the transgenic line Tg(ath5:GFP), which labels retinal ganglion cells projecting to the tectum (Masai et al., 2003) (Fig.  6 B, E) . Confocal imaging confirmed that DR neurons project to the optic tectum, with fibers overlapping with retinotectal afferents in the stratum fibrosum et griseum superficiale and also present in the stratum opticum and stratum album centrale (n ϭ 12 larvae) (Fig. 6 F) .
Despite the conserved role of the tectum in triggering orienting movements, previous reports have shown that neither severe genetic disruption nor laser ablation of retinotectal afferents to the optic tectum impair the OMR in zebrafish larvae (Neuhauss et al., 1999; Roeser and Baier, 2003) . It is therefore generally thought that the OMR is primarily subserved by one of the other nine brain regions that receive input from retinal ganglion cells (Portugues and Engert, 2009 ). However, previous work did not account for effects of arousal or stimulus strength. We laser ablated both lobes of the optic tectum using GFP-expressing retinotectal afferents as a guide (Roeser and Baier, 2003) . Consistent with the previous studies, orienting responses to optomotor stimuli were unimpaired for ablated larvae in the baseline state (Fig. 6 H) , confirming that the visual circuit that primarily mediates the OMR is normally sufficient for this behavior. However, unlike controls, ablated larvae did not show enhanced responsiveness to weak OMR stimuli during arousal, indicating that the optic tectum is required for the improved sensitivity observed in this state (ANOVA, turn bias controls, F (1,10) ϭ 0.57, p ϭ 0.038; ablated, F (1,10) ϭ 0.99, p ϭ 0.34) (Fig. 6 I) . The anatomical connection between the DR and tectum and the similar effect of ablation on orienting responses suggests that, during flowinduced arousal, the DR may activate tectal circuitry that can process visual motion cues too weak to engage the primary OMR circuit.
Discussion
Animals show both regular oscillations in arousal during sleepwake cycles and short-term increases in arousal in response to environmental demands during the wake state. Previous work has established that zebrafish larvae show behavioral states with characteristic features of sleep and wake (Zhdanova et al., 2001; Prober et al., 2006) . Here we provide the first evidence that zebrafish larvae also modulate arousal levels during the wake state. In mammals, in which behavioral criteria can be confirmed by independent electrophysiological indices, arousal has been defined as an internal state that persists after the sensory cue that elicits it is no longer present and is characterized by increased mobility and reduced sensory thresholds (Garey et al., 2003; Jing et al., 2009 ). These criteria have been widely applied in invertebrate species to identify states of arousal. Consistent with these criteria, flow-induced arousal in zebrafish larvae lasts for 5-10 min after water flow ceases and includes increased mobility and responsiveness to visual motion. Vision is the primary modality used to guide counter-current swimming in fish (Lyon, 1904; Montgomery et al., 1997) . When pushed backward by the current, fish swim forward to stabilize the apparent motion of the visual world. We find that, during arousal, larvae more rapidly orient during counter-current swimming, an effect that is explained by heightened sensitivity to whole-field visual motion. During flow-induced arousal, larvae are not more responsive to all sensory stimuli, showing that this is not a state of general arousal but a state of specific arousal that may promote the behavioral goal of survival in flowing water.
Locomotor activity and stimulus responsiveness are behaviorally distinct aspects of arousal, suggesting that different neural circuits are coordinately modulated during this state. The brainstem state system that mediates arousal is composed of several neurotransmitter systems that ascend from brainstem to diffusely innervate many brain regions (for review, see Pfaff et al., 2008) . Although it has long been suggested that these neurotransmitter systems should either have distinct functions or be activated during different contexts (Robbins, 1997) , it has proven difficult to assign unique contributions of neurotransmitter systems to aspects of arousal. In mammals, the baseline activity of neurons in the DR nucleus shows a strong association with behavioral state, whereas transient changes in firing rates are tightly linked to sensory, motor, and reward events (Le Moal and Olds, 1979; Nakamura et al., 2008; Ranade and Mainen, 2009) . Consistent with a role in short-term arousal states, firing rates are higher during active or task-engaged wake states than during quiet wakefulness (Trulson and Jacobs, 1979; Fornal et al., 1996; Sakai, 2011) and are reduced during sleep (McGinty and Harper, 1976) . Likewise, calcium imaging demonstrated that a subpopulation of serotonergic DR neurons in zebrafish are activated during the short- Figure 5 . Ablation of the DR blocks enhanced visual sensitivity during arousal. A, Timeline for experiments using metronidazole to ablate the DR in Tg(tph2:nfsB-mCherry)y226 fish. B, Detection of activated caspase-3 during ablation using PhiPhiLux G1D2 (green) reveals ongoing apoptosis selectively in DR mCherry-positive cells in metronidazole-treated (right) but not vehicle-treated (left) larvae. Scale bar, 25 m. C, Confocal stacks in control (left) and metronidazole-ablated (right) fish. Immunohistochemistry against mCherry (red) and serotonin (green). Scale bar, 50 m. D, Locomotor activity of control (gray) and ablated (red) fish (n ϭ 9 ϫ 20). A 60 s flow stimulus was applied at 30 min (dotted line). E, F, Turn bias in response to optomotor stimuli presented 5 min before (E) and 3 min after (F ) the flow stimulus in control (black) and ablated (red) larvae (n ϭ 14 ϫ 20). *p Ͻ 0.05. G, Turn bias of the OMR during transfer arousal in control (black) and DR-ablated (red) larvae (n ϭ 9 ϫ 25). *p Ͻ 0.05, **p Ͻ 0.001. Graphs show mean and SEM.
term flow-induced arousal state. This finding lead us to analyze the contribution of DR neurons to short-term arousal, a question that has been difficult to address in mammals.
In mammals, serotonin influences the electrophysiological properties of many neuronal cell types, including neurons involved in sensory circuits (Kayama et al., 1989; Fitzgerald and Sanes, 1999; Monckton and McCormick, 2002; Liu et al., 2012) . Pharmacological manipulation of serotonergic signaling alters the response profile of neurons to sensory stimuli in several modalities (Waterhouse et al., 1990; Ebert and Ostwald, 1992; Hurley and Pollak, 1999; Petzold et al., 2009) , and direct electrical stimulation of the DR has been shown to modulate neuronal responsiveness to acoustic, mechanosensory, and olfactory cues (Andersen and Dafny, 1982; Sheibani and Farazifard, 2006; Petzold et al., 2009) . A few studies have also demonstrated that behavioral responses to sensory cues are altered by serotonergic signaling, but these have primarily relied on gross lesions or broad-acting pharmacological manipulations (Tenen, 1967; Davis et al., 1980) . As noted above, DR activity correlates strongly with different arousal states, and suppression of activity disrupts the highly synchronized oscillations in cortex and hippocampus that occur during attentive states (Fonoff et al., 1999; Womelsdorf and Fries, 2007) . Together, these findings have suggested the hypothesis that the DR contributes to changes in sensory thresholds that accompany different behavioral states (Hurley et al., 2004; Petzold et al., 2009; Hurley and Hall, 2011 ), but there is little work directly linking state-dependent DR activity to sensory modulation (Hall et al., 2010) . Here we provide evidence that this is indeed the case, showing that the DR is not only activated during flow-induced arousal but also required in this state to modulate responsiveness to a behaviorally relevant visual stimulus. Because our data show that the DR is not required for the heightened locomotor activity that occurs during flow-induced arousal, we conclude that it plays a specific role in adjusting a sensory threshold in this state.
Acoustic, electroshock, light flash, and mechanosensory responsiveness were not modulated during the short-term arousal states analyzed here, but it is possible that other sensory modalities are affected. In the olfactory bulb of mice, it has been suggested that elevated DR activity serves to reduce sensory gain to maintain a normal dynamic range despite the increased breathing and sniffing associated with behavioral arousal (Petzold et al., 2009) . Similarly, during flow-induced arousal in zebrafish, elevated locomotor activity likely increases odorant availability at the olfactory epithelium; thus, DR activity may reduce olfactory gain in the aroused state. Experiments analyzing behavioral or olfactory neuron responses to odorants may resolve this question.
Because the optic tectum is required for orienting during predation and phototaxis in zebrafish larvae, we sought to establish whether it may also enhance orienting to weak optomotor stimuli during flow-induced arousal. We first asked whether the tectum receives an input from the DR. Direct innervation of the superior , red) . B, E, GFP labels retinal ganglion cell axons in the tectum (anti-GFP, green). C, Overlap from dorsal view with TeO outlined. Scale bar, 100 m. F, DR projections are found throughout the tectal neuropil layers, including in the stratum fibrosum et griseum superficiale (SFGS), stratum opticum (SO), and stratum album centrale (SAC). Scale bar, 20 m. H, I, Turn bias during the OMR under baseline conditions (H ) and during transfer arousal (I ) for control (black) and optic tectum-ablated (red) larvae (n ϭ 6). Graphs show mean and SEM. *p Ͻ 0.05.
colliculus by neurons of the DR is well established in mammals (Moore et al., 1978) , and the homologous connection between optic tectum and DR has been traced in frogs (Zhao and Debski, 2005) . Serotonergic fibers have also been described in the optic tectum of zebrafish (Kah and Chambolle, 1983; Kaslin and Panula, 2001 ), but the source of this input is less clear. Our finding that DR neurons project to the optic tectum in zebrafish is at odds with a recent report that did not find such a connection, tracing connections of the raphe nucleus using Pet1:GFP transgenic fish (Lillesaar et al., 2009) . Not all tph2 neurons in the DR express Pet1; thus, it is possible that these tph2 ϩ , pet1 Ϫ cells are the source of the tectal innervation (Lillesaar et al., 2007) . An open question is how serotonergic input shapes tectal processing. In mammals, activation of the DR suppresses retinotectal input to the superior colliculus, facilitating the control of collicular responses by corticotectal projections (Mooney et al., 1996) . In frogs, the effect of serotonin in the optic tectum depends on its site of action, because it both suppresses responses to retinal input and reduces inhibitory interactions between tectal neurons (Malayev and Debski, 1998) . We found that DR neurons project to both the retinotectal input layer and deep neuropil layers of the tectum. Our working model is thus that, during flow-induced arousal, serotonergic disinhibition of tectal neurons facilitates responses to weak optomotor stimuli, enabling larvae to respond to cues that are too weak to engage the primary OMR circuit. However, whether the DR modulates tectal neuron function directly or through indirect pathways remains to be established.
Our data support the idea that the diverse neurotransmitter systems that are active during arousal may in fact have highly specialized roles in maintaining different aspects of the arousal state. In this model, the DR would be coordinately activated with other systems but function primarily to dynamically modulate sensory responsiveness to relevant stimuli. Our findings confirm that the DR does in fact have a state-dependent role in regulating sensory processing, showing that, during a mode of specific arousal, the DR is required for enhanced sensitivity to an environmentally relevant sensory cue.
